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Abstract
Finding novel atomically-thin heterostructures and understanding their characteristic properties
are critical for developing better nanoscale optoelectronic devices. In this study, we investigate the
electronic and optical properties of GaS-Ca(OH)2 heterostructure using first-principle calculations.
The band gap of the GaS-Ca(OH)2 heterostructure is significantly reduced when compared with
those of the isolated constituent layers. Our calculations show that the GaS-Ca(OH)2 heterostruc-
ture is a type-II heterojunction which can be used to separate photoinduced charge carriers where
electrons are localized in GaS and holes in the Ca(OH)2 layer. This leads to spatially indirect
excitons which are important for solar energy and optoelectronic applications due to their long
lifetime. By solving the Bethe-Salpeter equation on top of single shot GW calculation (G0W0)
the dielectric function and optical oscillator strength of the constituent monolayers and the het-
erostructure are obtained. The oscillator strength of the optical transition for GaS monolayer is
an order of magnitude larger than Ca(OH)2 monolayer. We also found that the calculated optical
spectra of different stacking types of the heterostructure show dissimilarities, although their elec-
tronic structures are rather similar. This prediction can be used to determine the stacking type of
ultra-thin heterostructures.
PACS numbers: 78.66.-w 71.35.-y 73.22.-f 78.67.-n
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I. INTRODUCTION
The successful synthesis of graphene was a milestone in condensed matter physics and ma-
terials science.1–3 Due to this remarkable achievement, a new field of quasi-two-dimensional
(2D) materials has emerged which changed the perspective of materials research. Since
then, the attention of material science and condensed matter physics has been widened to-
wards new single layer structures such as silicene4,5, germanene5–7, transition-metal dichalco-
genides (TMDs)8–11, alkaline-earth-metal hydroxide (AEMHs)12 and post-transition metal
chalcogenides (PTMCs).13–15
These individual monolayers posses various significant electronic and optical properties
which make them promising candidates for the next generation of nanoscale devices.16–18
For instance, monolayer TMDs are direct band gap semiconductors unlike their bulk
counterparts,9–11 and exhibit large exciton binding energies in the order of 0.1-1.0 eV which
results in exciton resonances at room temperature.19–22 In addition, having strong coupling
between the spin and the valley degrees of freedom opens up the possibility of valleytronic
devices.23–25
In spite of the large amount of research on graphene-like structures and ultra-thin TMDs,
studies on single layer AEMHs (i.e. Ca(OH)2 and Ni(OH)2) and PTMCs (i.e. GaS and GaSe)
are sparse and have only very recently started. In the recent study of Aierken et al. it
was shown that Ca(OH)2 can be isolated in monolayer form and it is a direct band gap
semiconductor independent of the number of layers.12 Similar to Ca(OH)2, monolayer GaS
and GaSe have been synthesized recently and it has been shown that both monolayers are
indirect gap semiconductors and they are suitable candidates for use in field-effect transistors
and nanophotonic devices.14,26–28
Another important aspect of the mentioned layered structures is their usage as building
blocks for novel multi-layer heterostructures. Recently, a new field of research in materials
science has emerged that deals with the stacking of two or more different monolayers on top
of each other, namely van der Waals (vdW) heterostructures.29 This widens considerably
the diversity of possibilities for new functionalities and increases the range of different elec-
tronic and opto-electronic applications. For instance, it has been shown that a p-n junction
based on the hBN-WSe2 heterostructure exhibit tunable electroluminescence
30. In addition,
TMD heterostructures show a tunable photovoltaic effect31 and can be used as tunnel diodes
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and transistors32. Long-lived interlayer excitons were observed by photoluminescence exci-
tation spectroscopy in MoSe2-WSe2 heterostructure where electrons and holes are localized
in different layers.33 It has been shown that spatially indirect excitons can also be found in
MoS2-WSe2 heterostructures which is a type II heterojuction.
34 Very recently, Calman et al.
showed that the excitons in MoS2 and hexagonal boron nitride (hBN) vdW heterostructure
can be controlled by a gate voltage, temperature, and the intensity and the helicity of the
optical excitation.35
So far, the building blocks of these multi-layer heterostructures are usually graphene (and
graphene-like monolayers) or TMD monolayers. Whereas, in this work we propose a new
kind of heterostructure whose building blocks are GaS and Ca(OH)2 which are relatively
new 2D crystals and they are members of PTMCs and AEMHs, respectively. We show that
the GaS and Ca(OH)2 monolayers have similar lattice parameters and they are wide band
gap semiconductors. When they are stacked on top of each other they form a type II het-
erojuction which has a smaller band gap than the constituent layers. The calculated optical
oscillator strength of the GaS monolayer is ∼10 times larger than the one for monolayer
Ca(OH)2.
This paper is organized as follows: We first provide the computational methodology in
Sec. II. Then, we investigate the geometric, electronic and optical properties of the isolated
GaS and Ca(OH)2 monolayers in Sec. III and the GaS-Ca(OH)2 heterostructure in Sec. IV.
In Sec. V, we show that the optical spectra of the heterostructure can be used to characterize
their stacking type. Finally, we conclude our results in Sec. VI.
II. COMPUTATIONAL METHODOLOGY
First-principle calculations are performed using the frozen-core projector augmented wave
(PAW)36 potentials as implemented in the Vienna Ab-initio Simulation Package (VASP).37
The electronic exchange-correlation potential is treated within the generalized gradient ap-
proximation (GGA) of Perdew-Burke-Ernzerhof (PBE).38 A plane-wave basis set with kinetic
energy cutoff of 500 eV is used. A vacuum spacing of more than 12 A˚ is taken to prevent
interaction between adjacent images. A set of 20×20×1 Γ centered k-point sampling is
used for the primitive unit cells. The structures are relaxed until self-consistency for ionic
relaxation reached 10−5 eV between two consecutive steps. Pressures on the lattice unit
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cell are decreased to values less than 1.0 kBar in all directions. Atomic charge transfers
are calculated using Bader’s charge analysis.39 We used the DFT-D2 method of Grimme as
implemented in VASP for the van der Waals correction in all the calculations.40
The dielectric function and the optical oscillator strength of the individual monolayers
and the heterostructure are calculated by solving the Bethe-Salpeter equation (BSE) on
top of the single shot GW (G0W0) calculation which is performed on top of standard DFT
calculations including spin-orbit coupling (SOC). During this process we used 6 × 6 × 1 Γ
centered k-point sampling. The cutoff for the response function was set to 200 eV. The
number of bands used in our calculation is 320. The cutoff energy for the plane-waves was
chosen to be 400 eV. We include 4 valence and 4 conduction bands into the calculations in
the BSE step.
Once the dielectric function is obtained other linear optical spectral quantities such as
layer dependent optical absorbance (A(ω)), transmittance (T (ω)) and frequency dependent
reflectivity at normal incidence (R(ω)) can be calculated using the formula;
A(ω) =
ω
c
LImε(ω),
T (ω) = 1− A(ω),
R(ω) =
∣∣∣∣∣
√
ε(ω)− 1√
ε(ω) + 1
∣∣∣∣∣
2
(1)
where c, L, ω and ε(ω) are the speed of light, the length of the cell in layer-normal direction,
frequency of light and complex dielectric function, respectively.
III. GaS AND Ca(OH)2 MONOLAYERS
The optimized atomic structures of single layers of GaS and Ca(OH)2 are shown in Fig. 1.
The optimized lattice parameters for isolated monolayers are almost equal to each other,
3.58 A˚ and 3.59 A˚ for GaS and Ca(OH)2, respectively. In the GaS monolayer, every Ga
atom is covalently bonded to three S and one Ga atom which creates a trigonal prismatic
symmetry. The distance between two nearest neighbor Ga atoms is 2.44 A˚ and the Ga-S
distance 2.36 A˚ is slightly shorter. In the Ca(OH)2 monolayer, the Ca atom has 6 ionic
bonds with O atoms with a bond length of 2.36 A˚. Each O atom in the primitive cell has
one bond with a H atom with bond length 0.96 A˚.
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FIG. 1: The optimized atomic structures of (a) GaS and (c) Ca(OH)2 monolayers and their
electronic structures and PDOS (right panel) with SOC (b) and (d), respectively. The gallium,
sulfur, calcium, oxygen and hydrogen atoms are shown in green, yellow, blue, red and white,
respectively. (e) The calculated band alignment of the monolayers where the vacuum level of both
materials is set to 0 eV. 5
The band structures including SOC of the individual monolayers are shown in Fig. 1.
Both electronic structures are basically similar to the ones reported earlier.12,13 The GaS
monolayer is an indirect band gap semiconductor with a gap of 2.59 eV, as seen in Fig. 1(b).
The valence band minimum (VBM) of the compound resides along the M −Γ direction but
the conduction band minimum (CBM) is at the M point in the Brillouin zone (BZ). The
states in the vicinity of the Fermi level are composed of p orbitals, however the VBM is
mostly made up of the s orbitals of the Ga and S atoms. Our Bader analysis showed that
the Ga-S bonds have mostly a covalent character and the Ga atoms donate 0.7e whereas
each S atom gains 0.7e charge.
Contrary to the GaS monolayer, the Ca(OH)2 monolayer is a direct band gap semicon-
ductor with a band gap of 3.66 eV. The VBM and CBM of the compound are located at
the Γ point in the BZ. The states at the vicinity of the Fermi level originate from the px
and py orbitals of the O atom, however the VBM is mostly from the s and pz orbitals of the
Ca and O atoms. The Ca atom and H atoms donate, 1.6e and 0.6e charge respectively, and
each O atom receive 1.4e. The bonds in Ca(OH)2 have mostly an ionic character.
Our calculation revealed that the vacuum level of the isolated monolayers are different
from each other. When the vacuum level of the monolayers is set to 0 eV as shown in
Fig. 1(e), the obtained heterostructure is a type II heterojunction which opens up the pos-
sibility of using it as an electron-hole separator under photo-excitation. As shown in the
figure, the excited electrons and the holes pile up in the GaS and Ca(OH)2 monolayer, re-
spectively. Since the electrons and the holes of the heterostructure reside in different layers,
the created excitons are spatially indirect and the recombination occurs through the stag-
gered gap of the heterojuction. It has been shown that spatially indirect excitons in MX2
heterobilayers have a long lifetime (∼ 20 - 30 ns at room temperature) which is important
for applications in optoelectronics and photovoltaics.41
In Figs. 2(a) and (b) the dielectric function and the oscillator strength of the optical
transitions of isolated GaS and Ca(OH)2 monolayers are shown, respectively. For GaS, the
first peak of the dielectric function is composed of four optical transitions which are from
valence band edge to conduction band edges at M, Γ and K points in the Brillouin zone (BZ)
which are very close in energy. For the Ca(OH)2 monolayer, the first peak is composed of 2
optical transitions from Γ to Γ in the BZ. These two peaks are split by about 40 meV due
to the SOC. The first peak of the dielectric function is considered as the optical band gap
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of the compound which is at ∼ 3.60 eV and ∼ 4.48 eV for GaS and Ca(OH)2, respectively
with exciton binding energy of 1.12 eV and 2.10 eV, respectively.
IV. HETEROSTRUCTURE
Having similar lattice constants opens up the possibility of using these monolayers for
building blocks of vdW heterostructures. For this purpose we place GaS monolayer on
top of Ca(OH)2 monolayer. In order to find the minimum energy configuration of the
heterostructure we shift the GaS monolayer along three different directions. The minimum
energy configuration is obtained when the Ga and S atoms are on top of the O (and H)
and Ca atom of the Ca(OH)2 monolayer, respectively, as shown in Fig. 3. The geometric
structure of the constituent layers of the heterostructure does not change when compared
with their isolated form. The distance between the two layers is 1.98 A˚ and the binding
energy (EB) of the heterostructure is 0.12 eV per unit cell (Table. I).
Although the interaction between these two layers are weak, there is a significant decrease
in the band gap when these two single layers are stacked on top of each other (see in
Fig. 3(b)). This dramatic modification in the band gap is due to the difference in vacuum
level of the constituent monolayers. Our calculations show that the heterostructure has
an indirect band gap of 1.45 eV where the VBM is at the Γ and the CBM is at the M
point in the BZ. The Γ to Γ gap is 1.63 eV. The advantage of having an indirect band gap
heterostructure is that it results in long-lived excitons due to the small overlap of electron-
hole wavefunctions. This opens up the possibility of using the GaS-Ca(OH)2 heterojuction
for excitonic solar cells so that the electron-hole pairs can be split relatively easy.
As shown in Table I, the calculated workfunction of the heterostructure is found as 6.21
eV and 5.06 eV for GaS and Ca(OH)2 sides of the heterojunction. Due to the interaction
between two layers the workfunction values diminished 0.1 and increased 0.21 eV compared
with the values for the isolated GaS and Ca(OH)2 monolayers, respectively.
The partial density of states (PDOS) of the GaS-Ca(OH)2 heterostructure is shown in
the right panel of Fig. 3(b). As expected from the band alignment the valence band and the
conduction band of the heterostructure are from GaS and Ca(OH)2 monolayers, respectively.
The resulting band structure of the heterostructure is shown in Fig. 3(b). As seen the band
structure of the heterostructure is almost an overlap of the band structures of the isolated
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FIG. 2: Imaginary part of the dielectric function and the oscillator strength of the optical transi-
tions of (a) GaS monolayer (b) Ca(OH)2 monolayer and (c) GaS-Ca(OH)2 heterostructure.
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FIG. 3: (a) The optimized atomic structures of GaS-Ca(OH)2 heterostructure and (b) its electronic
band structures together with the PDOS (right panel) with SOC. The gallium, sulfur, calcium,
oxygen and hydrogen atoms are shown in green, yellow, blue, red and white, respectively.
monolayers. This is due to the weak interaction between layers so that the dispersion of the
bands does not change.
In order to investigate only the spatially indirect excitons in the heterostructure, 4 valence
and 4 conduction bands were taken into account for the optical transitions in the BSE step.
So, the optical transitions between these bands correspond to the interlayer recombination of
the electrons and holes through the staggered gap. This means that the exciton peaks shown
in Fig. 2(c) correspond only to spatially indirect excitons in the heterojunction. Consistent
with the prediction of gap closing in the heterostructure, the first peak in the dielectric
function appears at lower energy (∼ 3.10 eV) than the one of the constituent monolayers as
9
seen in the figure. The exciton binding energy of the heterostructure is calculated as 0.90
eV.
TABLE I: Ground state properties of GaS and Ca(OH)2 monolayers and the heterostructure
composed of these two monolayers. Calculated lattice parameters a and b, interlayer binding
energy EB (per unit cell), the band gap Eg and the workfunction Φ (for the heterstructure the first
value is for the GaS and the second one is for the Ca(OH)2 side, respectively) of the structures.
a=b EB Ecoh/atom Eg Φ
(A˚) (eV) (eV) (eV) (eV)
GaS 3.58 — 3.83 2.59(i) 6.31
Ca(OH)2 3.59 — 4.59 3.66(d) 4.85
GaS-Ca(OH)2 3.58 0.12 4.26 1.45(i) 6.21,5.06
Our calculations also reveal that the oscillator strengths of the GaS monolayer is an
order of magnitude larger than that of the Ca(OH)2 monolayer and the GaS-Ca(OH)2 het-
erostructure. However, the oscillator strength and the dielectric function of the heterostruc-
ture resemble the properties of Ca(OH)2. Similarly, as shown by Fang et al.
34, in case of
the MoS2-WSe2 heterostructure, which is also a type II heterojunction, its optical proper-
ties resembles the one of MoS2. Creation of such nanoscale type II heterojuctions leads to
formation of spatially indirect excitons which are vital elements for exciton solar cells and
optoelectronics devices due to the relatively longer life times of the excitons.
V. OPTICAL CHARACTERIZATION OF STACKING TYPE
In this section, we will show that the optical spectra of ultra-thin heterostructures can be
used to determine the stacking type of them. In Fig. 4, the optimized atomic configuration,
the electronic structure and the optical transmittance and the reflectivity of the two lowest
energy configurations of the GaS-Ca(OH)2 heterostructure are shown. The atomic structures
of these two lowest energy configurations are completely different from each other, although
the energy difference between them is quite small ∼ 5 meV.
The higher energy state (Fig. 4(b)) is obtained by 180◦ rotation of the ground state
configuration (Fig. 4(a)), so it will be called as “rotated state” from now on. In the rotated
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state the Ga and S atoms are on top of the Ca and O (and H) atom of the Ca(OH)2
monolayer, respectively and in both cases the interlayer spacing is found as 1.98 A˚. As
shown in Figs. 4(c) and (d), the electronic structure of the ground and the rotated state are
similar and the dispersion of the bands are identical. The only difference is that the band
gap of the rotated state is 3 meV larger.
Although, the electronic structure of the ground and rotated states are very close to each
other, optical transmittance and the reflectivity profiles of their band edges are distinct as
shown in Figs. 4(e) and (f). The main differences in the optical spectra of these two stacking
cases originate from the different strength of the optical transitions. It is predicted that the
energies of these optical transitions are similar but their intensities are distinct. This is
due to the different orientation of the atoms in these two stackings. For instance, the two
peaks derived from the band edges are unique for both structures. As seen in the optical
transmittance profile of the ground state (Fig. 4(e)) these two peaks can be easily identified
because of their almost equal oscillator strength. In the rotated case however, the oscillator
strength of the first peak is much smaller than the second one so that it can not be identified
in the transmittance profile. On the other hand, the relative intensity of the first two peaks
in the reflectivity profile are also unique for each stacking case. The intensity of the second
peak is comparable but much smaller as compared to the first peak in the spectrum of the
ground state.
This prediction is rather crucial to determine the stacking types of the heterostructures
in experiments. The heterojunctions which are produced by growth technique might contain
more than one stacking types in it, if the energy difference between different stacking types
is small. Therefore, it is important to find a powerfull and sensitive tool to identify different
stacking types in the produced heterostructures. In the light of above discussion, we suggest
that the optical spectra (i.e. transmittance and reflectivity) can be used to identify different
stacking types in a heterostructure.
VI. CONCLUSIONS
We proposed a new kind of heterostructure in which the constituent monolayers are GaS
and Ca(OH)2 which are recently synthesized. These two monolayers have similar lattice
constants and they are wide band gap semiconductors. When they are stacked on top of
11
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each other the electronic band gap of the obtained heterostructure decreases significantly.
Our calculations revealed that the obtained heterojuction is a type II semiconductor in which
the conduction band and the valence band are from GaS and Ca(OH)2, respectively. This
leads to localization of the electrons and holes in different layers which results in spatially
12
indirect excitons. Our BSE-G0W0 calculations showed that the optical oscillator strength of
the GaS monolayer is an order of magnitude larger than the one of monolayer Ca(OH)2. We
found that the band edge profiles of the optical spectrum of different stacking types of the
heterojunction show differences although their electronic structures are rather similar. This
prediction opens up the possibility of using the optical spectrum for the characterization of
the stacking type of the ultra-thin heterostructures.
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